Abstract. Polypropylene (PP) nanocomposites were obtained by solution blending of polyether treated montmorillonite and PP, with a coupling agent of maleic anhydride grafted polypropylene (PP-g-MA). The composition of the inorganic clay was varied in 1, 2 and 5 phr (parts of clay per hundred of PP by mass) while films of the composites were obtained via compression molding. Wide-angle X-ray scattering (WAXS) showed nanocomposites in which silicate layers were exfoliated and intercalated with respect to the different clay ratios. The morphology and gas permeability of hybrids prepared with organoclay were compared. Morphological studies using transmission electron microscopy showed most clay layers were dispersed uniformly in the PP matrix. Some tactoids of agglomerated nanoparticles were detected, as clay content increased. The oxygen permeability for all the hybrids for clay loadings were reduced by 30% of the corresponding values for pure PP.
Introduction
Polypropylene (PP) is one of the fastest growing commercial thermoplastics due to its attractive combination of low density and high heat distortion temperature [1, 2] . There are some limitations in physico-chemical properties that restrict PP applications. A typical illustration is in packaging, where PP has poor oxygen gas barrier resistance [3, 4] . No single polymer has shown the ideal combination of performance features. PP possesses good water vapour barrier properties, but it is easily permeated by oxygen, carbon dioxide, and hydrocarbons. The necessity of developing more effective barrier polymers has given rise to different strategies to incorporate and optimize the features from several components. Most schemes to improve PP gas barrier properties involve either addition of higher barrier plastics via a multilayer structure (co-extrusion) or by introducing filler with high aspect ratio in the polymer matrix. 1. Co-extrusion allows tailoring of film properties through the use of different materials where each material component maintains its own set of properties, compared with blending of polymers in a mono-extrusion technique. Co-extrusion is used to generate multilayer laminate structures from separately extruded polymer films that are sandwiched together [3, 4] . Resulting films may comprise many layers, such as the PP-adhesivepoly(ethylene-co-vinyl alcohol) (EVOH)-adhesive PP system: EVOH barrier sheet trapped between two layers of moisture resistant PP and two additional adhesive strata. However, by nature coextrusion is a complex and expensive process.
2. Alternatively, nano-fillers with high aspect ratio can be loaded into the polymer matrix. Polymer nanocomposites are a better choice with significant property increments from clay materials [1] [2] [3] [4] . Lange et al. mentioned in review that nanocomposite materials are one of the methods for improving gas barrier properties of polyolefins [5] . Recent developments in polymer nanocomposites have attracted attention due to the possibilities offered by this technology to enhance the barrier properties of inexpensive commodity polymers. Many studies have demonstrated improvements in permeability reduction to gases, moisture and organic vapours resulting from the addition of low concentrations of layered clay nanoparticles to various thermoplastic matrices [6] [7] [8] . Nanoparticles have been shown to influence the properties of the polymers at low volume fractions [9] . This is mainly due to their nanometer scale particle size and intraparticle distances. The desired properties are usually reached at low filler volume fraction, allowing the nanocomposites to retain macroscopic dispersion and low density of the polymer. The geometrical shape of the particle plays an important role in determining the properties of the composites [10] . There is 40% reduction in oxygen permeability upon the incorporation of 4%·vol organoclay into polyethylene, as reported by Osman et al. [8, 9] . Avella et al. suggested that the calcium carbonate nanoparticles drastically reduced the permeability of oxygen and carbon dioxide for PP nanocomposites [11] . Yano et al. obtained a 10-fold reduction in the water vapour permeability coefficient of a polyimide containing 2% wt mica nanoparticles in comparison with the unfilled polymers [12] . The improved nanocomposite barrier behaviour illustrated by these examples has been explained by the tortuous path model, in which the presence of impermeable clay platelets generates an overlapped structure that hinders penetrant diffusion and thus decreases the permeability of the material [3, 10] .
Benefits and challenges with smectite clays
Of all dioctahedral smectities, montmorillonite (MMT) is mainly used in nanocomposites. The choice of MMT as a sorbent of organic compounds is influenced by its large surface area to mass (760 m 2 /g), its high cation exchange capacity, largely independent of salt concentrations and pH, and the relative ease by which it forms an interlayer complex with a wide variety of organic molecules [13, 14] . Dimorphic clays are formed by condensation in a 1:1 proportion and trimorphic clays (three sheets) are formed by 2:1 condensation, with the octahedral sheet being sandwiched between two sheets of inward-pointing tetrahedra. The challenge with montomorillonite clay is its incompatibility with organic polymers. The silicate layers of the clay are 'incompatible' with organic polymers, due to surface hydroxyl groups; the smectite clays are usually treated to make them hydrophobic by ionexchange of the sodium interlayer cations with long-chain alkyammonium cations [2, 15] . Instability of ammonium salts at temperatures encountered in melt mixing greater than 200°C leads to discolouration of the polymer matrix [2, 16, 17] . Hoffmann elimination can occur under basic conditions; for instance in the presence of sodium hydroxide, quaternary ammonium salts decompose by Hoffmann elimination, yielding the corresponding trialkyl amine and an alkene [16] [17] [18] 26] (Figure 1 ). Crown ethers and cryptands are more expensive than all other intercalants; however they are stable under higher temperatures up to 200°C [19] . Poly(ethylene glycol) (PEG) is more stable than quaternary ammonium salts, but of lower activity. Polyether compounds as intercalants can act as ligands of these interlayer sodium cations, giving rise to stable complexes. PEG treated clay is thermally stable to 327°C in an inert atmosphere and 275°C in air [20] [21] [22] . These above mentioned advantages appeal to the use of poly(ethylene glycol) monolau-rate (PEG-ML) as an alternative intercalant, to conventional alkyl amine chain for surface treatment of clay. In this research, montmorillonite clay was treated with PEG-ML. Treated clay provided increased d-spacing (1.82 nm) that resulted from complexation between PEG oxygen atoms and sodium ions between the clay platelets ( Figure 2 ). Clay was treated with various intercalants that provided different d-spacing. The added advantage of treating clay with PEG-ML was its long alkyl chain ( Figure 3 ) that could interact with PP. The effect of reinforcement of PP by layered silicate was determined by at least two important factors: clay dispersion (exfoliation or intercalation) and interaction between clay and PP. Many researchers mentioned that it is difficult for PP or other polyolefins to adhere to polar materials [2, 10, 23] .
Interfacial agents play an important role in overcoming this difficulty. In order to overcome this challenge in trial experiments with this treated clay, maleic anhydride grafted polypropylene (PP-g-MA) was used as a compatibilizer [24] . PP-g-MA reacted with -OH groups on the clay surface, increasing the compatibility between clay and PP. The aim of this research is to synthesize PP nanocomposites with PEG-ML treated clay, using a solution blending technique. Oxygen barrier of the nanocomposites and pure PP were compared, in addition to structural characterization to validate the dispersion of clay layers in polymer matrix.
Experimental

Treatment of clay with poly(ethylene glycol) monolaurate
Sodium montmorillonite (Na + -MMT) was purchased from Southern Clay Products, Texas, USA.
Cation exchange capacity of the clay was 92.6 meq/100 g clay. Poly(ethylene glycol) (M n = 400 g/mol) monolaurate were purchased from Sigma-Aldrich Chemicals and used as received. Clay was preheated in vacuum oven for 8 h at 70°C for removal of moisture [26] . The nature of solvents is critical to facilitate the insertion of organic materials (in this case: PEG-ML between the silicate layers, the polarity of the medium being a determining factor for intercalations. Preheated clay was dispersed in water at 3% concentration and heated to 75°C for 3 h [19, 25] . The amount of intercalant was calculated according to cation exchange capacity of Na + -MMT (cation exchange capacity of clay = 92.6 meq/100 g of clay). After careful addition of intercalants, the contents of the beaker were heated to 70°C for 3 h. The contents were cooled and filtered under vacuum. The filter cake was vacuum dried at 60°C and then the intercalated clay was dried in oven. The dried clay was ground using a mortar and pestle for uniformity in grain size. The treated clay was analysed using wide-angle X-ray scattering (WAXS) and thermogravimetry (TG). Results of WAXS and TG are reported elsewhere [26] .
Preparation of nanocomposites
Clay treated with PEG-ML was added to PP as filler. Clay treated with PEG 400 monolaurate is abbreviated as PEGC. PP {M w = 250 000 g/mol, T m = 167°C, density = 0.905 g/cm 3 (ASTM D1505), MFI = 11 dg/min (ASTM D1238)} were obtained from Basell Australia. PP-g-MA {T m = 152°C, 0.6% wt MA} was supplied by Sigma-Aldrich chemicals. All chemicals and polymers used in this research were commercial products and they were used as received without further purification. The preparation of the nanocomposites was carried out by a solution blending method using o-xylene [27] [28] [29] . The amount of treated clay added was 1, 2 and 5 parts per hundred (phr) of the total weight of PP and PP-g-MA. The process of preparation of nanocomposites can be divided into the following three steps:
Step 1: Dispersion of PEGC in o-xylene in order to minimize agglomeration of clay layers and cluster formation. Calculated amounts of treated clay were added to 50 ml of o-xylene solution. This solution was sonicated using a probe sonicator (High Inten- sity Ultrasonic Processor, Model: GEX 500) to induce an efficient dispersion of nanoclay.
Step 2: The PP and compatibilizer PP-g-MA were dissolved in o-xylene, composition reported in Table 1 . This mixture was stirred continuously for 6 h until the PP dissolved.
Step 3: Thorough dispersion of the solutions prepared in the first and second stages of this process were performed using an Ultraturrax high-shear disperser. The dispersion was carried out at 150°C for 10 min. The product was separated by precipitation in cold methanol. The contents were allowed to dry over night. Finally the material was dried in vacuum oven overnight, to completely remove o-xylene and methanol.
Composite moulding and annealing
Pure PP and PP nanocomposites sheets were compression moulded between steel plates covered with thin Mylar sheets using a hot press at 200°C for 5 min. The sheets for the barrier performance tests as well as the composites for structural studies were obtained from the above-mentioned method. Cold circulated water was used to cool the platens to ambient temperature while full pressure was maintained. The average thickness of the composites was 1.5 mm for wide-angle X-ray scattering (WAXS) and Transmission Electron Microscopy (TEM) studies, and 0.5 mm for oxygen permeability tests. Peterlin et al. have observed that in polyethylene, tortuosity factor increases on annealing at elevated temperatures, despite an increase in crystallinity [30] . Similar results were observed by other authors [31] [32] [33] . Kastura et al. suggested that on annealing PP, there was a reduction of volume due to increased density [23] . Crystallization can be considered to be associated with the formation of thick lamellas with a high concentration of intralamellar imperfections. The presence of intralamellar defects or voids within the lamellar boundaries will lead to an increase in permeability. In order to standardize the effect of crystallisation on the permeability and to reduce the defects within the lamellar boundaries, all nanocomposites (including pure PP film) studied in this research were annealed at higher temperature. Oxygen permeability test sheets were annealed at 75°C for 8 h and kept at room temperature for 24 h in order to increase the crystallinity.
Wide-angle X-ray scattering
WAXS is one the methods for characterising the state of intercalation and exfoliation of clay gallery layers [2, 10, 16] . X-ray data on the treated clay composites was collected on a Bruker AXS D8 Advance wide-angle X-ray diffraction instrument at 45 kV and 30 mA. The composite was mounted in a flat-plate specimen holder with exposed surface flattened with a glass microscope slide. Diffraction patterns were measured using a scintillation detector. Scans were taken between 2 and 25°a t a speed of 1°/min, a step size of 0.05° and step time of 3 s [26] .
Transmission electron microscopy
The second most common technique for morphological characterisation of nanocomposites is TEM [2, 10, 16] . TEM technique is widely used to study and assess the dispersion of clay in the PP matrix [11, 17] . TEM images were obtained via a Philips CM200UT (FEI Co., Hillsboro, OR) operated at a voltage of 80 kV. The hot pressed films described previously were embedded in an epoxy compound (dried in vacuum oven at 60°C, for 24 h). The embedded films were then thinly sliced (~100 nm) using RMC MTX ultramicrotome (UMT, Boeckeler Instrument Inc., Tucson, AZ). The thickness of the thin slice was automatically controlled to be about 50 nm by ultramicrotome. The thin slice obtained was collected onto a 300 mesh copper grid. Finally, the specimens were characterized by TEM.
Oxygen permeability measurements
The device employed was a Mocon Ox-Tran 2/21 manufactured by Modern Controls Inc. The method was based on ASTM standard D3985 [1, 3] . It has been widely used to analyse the gas barrier proper- ties of polymer films [9, 10, 25] . The Modern Controls Inc (Mocon) technical manual explained that Mocon Ox-Tran 2/21 system uses a patented coulometric sensor (coulox) to detect oxygen transmission through both flat materials and packages [34] . The coulox sensor is an intrinsic or absolute sensor that does not require calibration, however the instrument requires calibration using standards provided. The instrument was calibrated at 23°C with National Institute of Standards and Technology (NIST) certified Mylar films of known transport characteristics. A continuous flow of gas was maintained on both sides of the barrier material. Initially nitrogen gas was passed over both surfaces to remove oxygen from the film. The nitrogen on one side was then replaced by oxygen, and the nitrogen flow on the other side then swept the surface to extract any oxygen that diffused through the material. The diffusing oxygen was measured by a detector that is sensitive specifically to oxygen. PP and PP nanocomposites were measured only after checking the accuracy of the standards. Flat films were clamped into the diffusion cell that was purged of residual oxygen using an oxygen-free air carrier gas. The carrier gas was routed to the sensor until a stable zero was established. Pure (99.9%) oxygen was then introduced into the outside chamber of the diffusion cell. Molecules of oxygen diffusing through the film to the inside chamber were conveyed to the sensor by the carrier gas. The test sheets were laminated between two aluminium foil masks to reduce the area of exposure from 100 to 5.4 cm 2 . Measurements were conducted at 23°C and 0% RH. Three different films were tested for each proportion of clay.
Gas tortuous theory
According to this theory, the impermeable inorganic filler in the relatively permeable polymer matrix will create a tortuous path for the diffusing molecules [3, 10, 31, 35, 36] . As a result, the filled polymer demonstrated reduced gas permeability, with the permeability being determined using the Equation (1): (1) where P f and P u are the permeability of the filled and unfilled polymer, φ p and φ f are the volume fraction of the polymer and filler, and L/W is the aspect ratio of the filler. An inverse relationship between aspect ratio of the filler and permeability of the filled polymer exists [3, 10] . An increase in aspect ratio of the filler corresponds to a decrease in the permeability of the filled polymer. Compared with most inorganic fillers, silicate layers of montmorillonite have high aspect ratio. The thickness of a single layer of montmorillonite is of the order of a nanometer, while the length is in the range 200-500 nm. When the layered silicate is fully exfoliated in the polymer matrix, greatly reduced gas permeability can be achieved (Figure 4 ). So in order to reduce the gas permeability of PP nanocomposite, it is important to exfoliate the silicate layers into PP matrix. However, if the exfoliation of the silicate is not optimal, there will still be reduction in permeability; even increased permeability has been observed in some extreme cases [2] . representative morphological features of the PP and clay state. Of all the six patterns obtained from each composite, the data with maximum intensity and peak formation is shown here. This was to obtain representative view on the composite morphological characteristics and to evaluate attainment of exfoliation (diffraction pattern is featureless in clay sensitive region) or intercalation in the low scattering angle region of 2.5 to 5.5°. In the current system PEG-ML was used as intercalate for the clay. PEG-ML had molecular weight (M n = 400 g/mol) that is capable of entering the silicate galleries as demonstrated in Figure 3 . The scattering pattern for 1 and 2 phr ratios indicate an exfoliated structure was obtained for the treated clay. This is attributed to the treatment facilitating PP insertion into the silicate galleries promoting delamination of the periodic layered structure of the clay. The phase morphology was correlated with the structure observed by TEM. Figures 6 and  7 show the 1 and 2 phr nanocomposites. The image shows individual silicate layers of thickness in the order of a nanometer with aspect ratio in the range of 100 to 250 nm. The exfoliated morphology was due to a lower filler concentration, high-shear dispersion and compatibilization with PP-g-MA. In the ultimate platelet configuration, the clay was completely dispersed and fully exfoliated, resulting in the specific surface at its maximum. This has been achieved for the 1 and 2 phr nanocomposites. Varela et al. suggested that greatest extent of exfoliation was obtained with 40%·wt PP-g-MA, where MA promoted exfoliated morphologies consisting of individual nanometer thick silicate layers suspended in PP matrix (penetration of PP chains within and delamination of the crystallites) [37] . The interaction between PP and PEGC treated clay was expected to be due to the presence of the long alkyl chain of PEGC and PP-g-MA. A lower (001) diffraction signal intensity was related to a higher extent of platelet exfoliation that occurred during synthesis and processing of the nanocomposite. Sinha Ray et al. suggested that polymer intercalation proceeded from the primary clay particle edges towards the particle center [10] . Complete nanolayer separation required favourable polymer-clay interactions to overcome the penalty of polymer confinement. At higher clay loading of 5 phr, a small peak was present at 5.5° in the diffraction pattern that was due to the attainment of intercalation rather than exfoliation of clay layers ( Figure 5 ). TEM shows the complex morphological features of the clay state. The appearance of individual clay layers is evident, but there are regions containing platelets that have not separated giving rise to a periodicity in structure and hence a diffraction peak. Although the specimens were prepared with solvent, with ultrasonication to facilitate the intercalation, full exfoliation was not achieved. It was noted that the mass transport of highly viscous resin into the clay galleries presents a limitation. This step is considered as one of the important limiting factors for clay platelet separation. In addition, the relative amount of clay platelet separation and aggregation depended on the mixing technique and surfactant used for modifying the clay. In the case of the 5 phr composite, a combination of effects gave rise to the observed structure, such as limited intercalation at a relatively high content of clay, shearing facilitation to disrupt larger agglomerates and overcome incompatibility of clay tactoids. The size of clay lamella observed for PEG-dispersed PP nanocomposite was a reasonable match for the size dimension obtained previously in TEM studies of nanocomposites [16, 38, 39] . Figures 6 and 7 show the exfoliated lamellae, tactoids composed of a variable number of lamella and aggregates of tactoids. Clay ratios (1 and 2 phr) showed more uniform distribution of silicate layer without clay aggregates. Higher magnification (100 nm) clearly displays that clay layers are homogeneously dispersed in the PP matrix, except for 5 phr clay ratios. For 5 phr clay ratio, the intercalated silicate layers are locally stacked to a hundred nanometres in thickness and from several hundred nanometres to more than one micrometer in length [39] . The aspect ratio of clay inclusions can be inferred from the length and thickness of the dark lines in TEM micrographs at different magnifications. Most clay particles were well dispersed in PP matrix, which was due to good compatibility between PP, PP-g-MA and end alkyl chain of treated clay (monolaurate chain of PEG). Avella et al. prepared exfoliated PP based nanocomposites by solution blending [40] , similarly from their observations, exfoliation of clay layers in nanocomposites occurred only at 1 and 3% wt of clay loading, not at 5% wt clay. In the 5% wt nanocomposites ( Figure 8 ). Some clay layers collapsed leading to a tactoid system. Sinha Ray et al. suggested that polymer intercalation proceeded from the primary clay particle edges towards particle centres [10] . Mass transport into the primary particles was found to be the limiting step for nanocomposite formation, the degree of constituent mixing was critical for rapid nanocomposite formation. Shear processing, such as with an ultrasonicator, parallel plate rheometer, conventional compounding equipment, high-shear mixer, decrease the nanocomposite formation time by disruption of primary particles and establishment of composite uniformity. Ultraturrax mixing was sufficient to disperse the clay layers. From our previous study utilizing a polyether of higher molecular weight (M n = 600 g/mol) for clay treatment prior to preparation of nanocomposites using solution blending, we obtained exfoliated structure with 1, 2 and 5 phr clay ratios [39] . Mass transport into the primary particles was found to be a limiting step for nanocomposite formation, with the degree of constituent mixing being critical for rapid nanocomposite formation. Shear processing with ultrasonication or conventional compounding equipment will decrease the nanocomposite formation time by disruption of primary particles and establishing composite uniformity [10] . Disappearance of peaks in clay PP composites sug- [41] . The same authors demonstrated exfoliation with poly(styreneco-maleic-anhydride) (PS-g-MA) oligomer as compatibilizer instead of PP-g-MA. The higher polarity of PS-g-MA resulted in exfoliation. Clay interlayer expansion depends on compatibility between polymer and organic intercalant and interactions between the two phases [24] . MMT clay is composed of regularly arranged tactoids and galleries. The length of an organic modifier (in this case: the long alkyl chain of monolaurate) and CEC are two parameters that determine how the chains pack between the silicate layers. Montmorillonite has both surface and edge charges [2] . The charges on the edges are easily accessible to modification, but they do not accomplish much improvement in interlaminar separation. These sites represent an opportunity for attachment of functional groups such as maleic anhydride. PP-g-MA increased both the compatibility and chemical interaction between the polymer and treated clay. This was a reason for exfoliation of clay lamella. Ultraturrax high-shear dispersion and PP-g-MA compatibilizer addition along with long alkyl chain for compatibility with PP were reasons for exfoliation of clay layers in the PP matrix. Ultraturrax high-shear dispersion lead to exfoliation of the clay layers, for researchers elsewhere [42, 43] .
Results and discussion
Structural morphology
Oxygen permeability
Nanocomposites are a multiphase system in which the coexistence of phases with different sorption and diffusion can cause complex transport phenomena [35] . Montmorillonite gives rise to superficial adsorption and specific interactions with some gases and solvents [10, 40] . The presence of silicate layers are expected to cause a decrease in permeability of oxygen because of more tortuous paths for the diffusing molecules that must bypass impenetrable platelets (Figure 4 ). This phenomenon is significant when the filler is of nanometer size with high aspect ratio. Avella et al. suggested that nanofillers (calcium carbonate) reduce the permeability to both oxygen and carbon dioxide, and claimed that the nanofillers were responsible for higher barrier properties improvement [11] . It should be noted that nano-sized calcium carbonate are spherical in shape. MMT clay layers can be exfoliated or delaminated into nanometer platelets with a thickness of about 1 nm and an aspect ratio of 100-1500 and surface areas of 700-800 m 2 /g. Each platelet has high strength and stiffness and can be regarded as a rigid inorganic polymer whose molecular weight (10 8 g/mol) is much greater than that of typical polymers. Therefore, low fractions of clays are required to achieve equivalent properties compared with conventional composites (calcium carbonate). It was deduced that with increasing clay content in a nanocomposites, the permeability of gases was reduced. This was the case for the composites in this research. Table 2 lists the oxygen permeability for nanocomposites while Figure 9 graphically shows the permeability versus clay content. It can be seen that the permeability of oxygen decreased with increase in clay ratio. The 1 phr composition showed marginal reduction (~3%), but 2 phr reduced permeability about 20% compared with the PP matrix. The oxygen permeability of 5 phr clay composite reduced by almost 30%. The clay layers themselves are impervious to oxygen, providing barrier resistance. The volume occupied by the clay and amount of clay influenced the actual three-dimensional arrangement and dispersion. At low concentrations, permeability decrease was not significant indicating there was insufficient platelets to provide resistance to permeability and the torturous path required. The permeability depended on the aspect [44] . The change in oxygen permeability of nanocomposites was controlled by the clay content and microstructure. Tactoids at low clay ratios (1 and 2 phr) exfoliated better than those at high clay ratio (5 phr). The deviation of oxygen permeability increased with clay ratios, indirectly supported by the WAXS and TEM results. Lohfink et al. suggested that the oxygen permeability of PP-g-MA was greater than pure PP [45] , although it should be noted that 10% of PP-g-MA was present in their nanocomposites.
Conclusions
The aim was to obtain MMT with a modified surface featuring hydrophobicity and increased affinity with PP. The prospect of developing layered silicates such as MMT as a multifunctional additive for PP at less than 5% wt was satisfactory using solution blending. Nanocomposites prepared using PEG-ML treated clay in ratios of 1, 2 phr exfoliated well in a matrix of PP blended with PP-g-MA, with an exception of agglomerate formation for 5 phr clay loading. Diffraction patterns suggested exfoliation of clay layers in the PP nanocomposites. The diffraction patterns cannot be used alone to adequately describe nanoscale dispersion of the layered silicate. Interpretation of the structure and clay state was validated with morphological observation using TEM. The actual nanoscale dispersion and overall global dispersion of the clay in PP was revealed and nanocomposites with low loading (1 and 2 phr) formed exfoliated clay layers. The 5 phr clay composition, revealed that clay layers dispersed uniformly in the matrix, although some clusters or agglomerated particles were detected leading to the diffraction peaks observed using WAXS. These clusters could be due to clay undisturbed by high-shear dispersion. Clay dispersion increased the barrier properties by creating a tortuous path to limit the progress of oxygen molecules through the PP matrix. While a low loading 1 phr showed an exfoliated structure, the amount was not sufficient to adequately reduce the oxygen permeability. The 2 phr provided improved resistance by increasing the barriers for oxygen molecules to diffuse around. This suggested a threshold was obtained with exfoliated structures. At 5 phr, the conditions employed to prepare the nanocomposites or the volume fraction of clay particles was insufficient to allow efficient exfoliation and dispersion of the clay. Oxygen permeability for hybrids with clay loadings to 5 phr was less than the corresponding values for pure PP, indicating that platelet structure and dispersion were important in obtaining permeability reduction. Pannirselvam et al. -eXPRESS Polymer Letters Vol.2, No.6 (2008) 429-439 Figure 9 . Oxygen permeability of polypropylene nanocomposites with 1, 2 and 5 phr clay
